Carboxyl tail region of the Kv2.2 subunit mediates novel developmental regulation of channel density. . Molecular mechanisms underlying the acquisition of stable electrical phenotypes in developing neurons remain poorly defined. As Xenopus embryonic spinal neurons mature, they initially exhibit dramatic changes in excitability due to a threefold increase in voltage-gated potassium current (I Kv ) density. Later when mature neurons begin synapse formation, I Kv density remains stable. Elevation of Kv1.1 and Kv2.1 RNA levels indicates that excess transcript levels of these Kv genes can increase current density in both young and mature neurons. In contrast, Kv2.2 overexpression increases I Kv density in young but not mature neurons despite the presence of protein translated from injected RNA at this stage. Because protein domains can determine biophysical as well as subcellular localization properties of channel subunits, we tested whether a region of the Kv2.2 subunit regulated functional expression in mature neurons. We focused on the large cytoplasmic carboxy tail, a region that differs most between Kv2.2 and the structurally related Kv2.1 subunit. Chimeric Kv2 subunits were generated in which different regions of the large cytoplasmic carboxyl tail were exchanged between Kv2.1 and Kv2.2 subunits. All chimeric Kv2 subunits induced voltage-gated potassium currents when expressed heterologously in oocytes. In vivo chimeric subunits increased I Kv density in young neurons on overexpression in the developing embryo. In contrast, in mature neurons, only those chimeras lacking a domain in the proximal carboxy terminus, proxC, increased I Kv density when overexpressed. Thus the proxC domain mediates developmental and subunit-specific regulation of I Kv and identifies a novel function for protein domains.
I N T R O D U C T I O N
During early postmitotic differentiation, developing neurons display extreme plasticity in excitability due to dramatic changes in ion channel expression and function. This initial extreme plasticity exists transiently and disappears as neurons acquire stable electrical membrane properties. The mechanisms that stabilize excitable membrane properties are poorly understood.
In embryonic Xenopus spinal neurons, delayed-rectifier potassium current I Kv triples in density during the first 24 h of postmitotic differentiation (Spitzer and Ribera 1998 for review) . A small, slowly activating I Kv characterizes young neurons (ϳ1-day embryo) and permits impulses to be of long duration and calcium dependent (Barish 1986; Lockery and Spitzer 1992; O'Dowd et al. 1988) . Over the next day, a threefold increase in I Kv density converts action potentials to the brief sodium-dependent spikes, characteristic of mature neurons that are beginning to form synapses. Subsequently, I Kv density remains constant, despite continued differentiation of neurons (Ribera and Spitzer 1990) . Thus even though spinal neurons first exhibit dramatic plasticity in electrical excitability, stable membrane properties appear by the time synapses begin to form.
Although the mechanisms that regulate plasticity and stability of I Kv are not yet known, molecular determinants of I Kv have been identified. Xenopus spinal neurons express Kv1.1, Kv1.2, Kv2.2, and Kv3.1 mRNAs (Burger and Ribera 1996; Gurantz et al. 2000; Ribera 1990 ; Ribera and Nguyen 1993) . Dominant-negative and antisense approaches demonstrated that Kv1, Kv2, and Kv3 channels contribute to I Kv (Blaine and Ribera 2001; Ribera 1996; Vincent et al. 2000) . Further, dominant-negative strategies revealed that Kv2.2 subunits play an essential role in repolarization of the action potential (Blaine and Ribera 2001) .
Transcriptional mechanisms appear to direct the rapid threefold increase in I Kv density of differentiating spinal neurons (Blaine and Ribera 2001; Gurantz et al. 1996; Jones and Ribera 1994; Ribera 1996; Ribera and Spitzer 1989; Vincent et al. 2000) . After the first 24 h of postmitotic differentiation (Ribera and Spitzer 1989) , Xenopus spinal neurons normally maintain a constant I Kv density. Much less is known about the mechanisms that establish the I Kv set point in mature neurons.
Microinjection of RNA into Xenopus embryos is a standard method for perturbing the levels of a desired mRNA and by-passing normal transcriptional control mechanisms. Previous work demonstrated that microinjection of Kv1 mRNA led to increases in I Kv density in both young and mature neurons (Jones and Ribera 1994) . These data raised the possibility that transcriptional mechanisms were responsible not only for the rapid increase in I Kv density in young neurons but also for establishment of the I Kv set point in mature neurons. However, Kv2, and not Kv1, channels play the major role in action potential repolarization (Blaine and Ribera 2001) . Thus we became interested in testing this possibility for the Kv2 potassium channel subfamily.
We show here, by in vivo overexpression of Kv2 subunits, that I Kv density of young neurons was increased by RNA injection, regardless of Kv2 subunit type. However, in mature neurons, overexpression of Kv2.2 did not increase current density, in contrast to results obtained with Kv2.1. Chimeric Kv2 channels were generated by exchanging domains between Kv2.2 and the structurally related subunit, Kv2.1. All chimeric subunits were capable of inducing potassium current when expressed heterologously in oocytes. Similarly, in vivo in young neurons, chimeric subunits increased current density. However, in mature neurons, chimeric subunits that contained a unique Kv2.2 proximal carboxyl-terminus domain (proxC) did not increase current density when overexpressed. In contrast, chimeric subunits that lacked proxC did increase current density on overexpression. Therefore we propose that proxC domain of the Kv2.2 subunit mediates novel developmental and subunit-specific posttranslational regulation of I Kv .
M E T H O D S

RNA synthesis, embryo microinjection, and whole-mount in situ hybridization
All studies were done with RNAs coding for Xenopus Kv2 channels. In vitro synthesis of RNAs coding for Xenopus Kv2 genes was as described previously Ribera 1998, 2001) . In vitro fertilization and embryo injections were carried out using standard methods (Blaine and Ribera 2001) . Briefly, each blastomere of a 2-cell stage Xenopus embryo was injected, either with RNA (e.g., encoding GFP and a Kv2 subunit) or rhodamine-conjugated dextran. GFP and Kv2 RNAs were coinjected at concentrations of 60 -80 and 100 -150 pg/nl, respectively. In situ hybridization was performed using a nonradioactive method (Harland 1991) . RNA probes were synthesized in the presence of digoxigenin-labeled UTP and hybridized to whole-mount embryo preparations (Burger and Ribera 1996) .
Spinal neuron culture and electrophysiology
Isolated cell cultures were prepared as described previously (Blaine and Ribera 2001) . A 10-to 15-min incubation in divalent cation solution, without enzymatic treatment, sufficed for cell dissociation (Spitzer and Lamborghini 1976) . Neurons were studied within 27 h of plating. Neurons in culture were identified as either control (rhodamine ϩ ) or ϩKv2 (GFP ϩ ).
Tight-seal, whole cell recordings (Hamill et al. 1981) were made from neurons in culture at either young (3-7 h) or mature (19 -31 h) stages. Whole cell currents were recorded with an Axopatch 1-D amplifier in conjunction with pCLAMP6/8 computer programs. Recordings were obtained at room temperature only from neurons with short processes (Ͻ50 m). Electrodes were pulled from borosilicate glass and had resistances ranging between 2 and 4 M⍀ when filled with the standard pipette solution [(in mM) 100 KCl, 10 EGTA, and 10 HEPES, pH 7.4 with KOH; final [K ϩ ] ϭ 114 mM).
Cell capacitance was used to determine membrane surface area (1 F/cm 2 ) for normalization of current amplitudes to densities. Recordings were excluded if the capacitative transient changed during a recording or if the input resistance was Ͻ0.5 G⍀. The neuronal membrane was held at Ϫ80 mV and stepped for 60 ms to voltages ranging between Ϫ60 and ϩ90 mV in 10-mV increments; in some experiments tail currents were elicited at -40 mV prior to returning the membrane potential to rest. Currents were filtered at 5 kHz and digitized at 25 kHz. Leak subtraction was achieved using a modified P/4 protocol (pCLAMP6). For I Kv , the bath solution contained (in mM) 80 NaCl, 3 KCl, 5 MgCl 2 , 10 CoCl 2 , and 5 HEPES, pH 7.4, and 1 M tetrodotoxin (Calbiochem). Steady-state I Kv amplitudes were measured at the end of the pulse. I Ca was recorded using a bath solution containing (in mM) 40 NaCl, 40 TEA, 3 KCl, 10 CaCl 2 , and 5 HEPES, pH 7.4, and 1 M tetrodotoxin. Electrodes were filled with (in mM) 100 CsCl, 10 tetraethylammonium-Cl (TEA-CL), 10 EGTA, and 10 HEPES, pH 7.4 with CsOH.
Normalization of current-density values (ϩ50 mV) was done for data obtained within a recording session to avoid problems associated with seasonal and clutch variations (O'Dowd et al. 1988; Vincent et al. 2000) ; we calculated the average control current density and then divided the current density values from each neuron by the average control value for that recording session. Conductance densities were obtained by dividing current densities by driving force or from tail currents. Similar G-V curves were obtained by either method, indicating that single-channel current-voltage relationships were linear over the voltage range examined. G-V data were fit with the Boltzmann equation
to obtain the maximal G max , V 1/2 , and slope factor (k). Current and conductancedensity plots were not corrected for the voltage error introduced by the series resistance, which ranged between 3 and 9 M⍀.
Action potentials were recorded in the current-clamp mode. The neuronal membrane potential was set at Ϫ80 mV by steady-state current injection and 2.5-ms depolarizing current injections were given to elicit an impulse. The bath solution contained (in mM) 125 NaCl, 3 KCl, 10 CaCl 2 , and 5 HEPES, pH 7.4. Analysis of action potentials entailed measurement of the following parameters: overshoot, amplitude, maximum rate of rise, maximum rate of decay, time to peak, time to half-decay from the peak. We define the duration of the action potential as the time to half-decay because of our focus on repolarization of the action potential.
Construction of chimeric and Green Fluorescent Protein (GFP)-tagged Kv2 subunits
Standard polymerase chain reaction (PCR) cassette mutagenesis was used to create Kv2 chimeras and the Kv2t truncation mutant (Blaine and Ribera 1998) . We took advantage of endogenous restriction sites and SpeI and AflI sites engineered by silent mutations into the coding regions of Kv2.1 and Kv2.2, respectively. All mutants were sequenced to confirm that the desired mutations had been made without introduction of frame-shifts.
The GFP sequence was amplified using the polymerase chain reaction (PCR) from pEGFP (Clontech) as the template. The primer pairs used to amplify the GFP sequence added three glycines to the carboxyl-terminus of GFP and were specifically designed for fusion to the amino terminus of the Kv2.1 or Kv2.2 coding region to yield either pGFP-Kv2.1 or pGFP-Kv2.2. The resultant clones were initially screened by restriction digest. DNA sequencing then confirmed that the GFP tag had been inserted in frame. RNAs synthesized from pGFP-Kv2.1 or pGFP-Kv2.2 were injected into Xenopus oocytes and normal Kv2.1 or Kv2.2 currents were induced by the GFP-tagged subunits.
Confocal imaging of GFP-tagged Kv2␣ subunits in Xenopus nerve-muscle cultures
GFP-tagged Kv2␣ subunit coding mRNAs were injected into single blastomeres of two-cell-stage embryos and cultures were prepared as described in the preceding text. In these experiments, lineage tracers (GFP RNA, dextran) were not used. Live neurons were viewed with an Olympus confocal microscope (Tokyo Japan). GFP and Nomarski images were collected and merged using National Institutes of Health ImageJ and Adobe PhotoShop software.
Heterologous expression in Xenopus oocytes
Standard two-electrode voltage-clamp recordings were obtained with an Oocyte Clamp OC-725C (Warner Instruments, Hamden, CT) 48 h after RNA injection as described previously (Blaine and Ribera 1998) . Data acquisition and analysis were accomplished with pCLAMP and Axograph software (Axon Instruments, Foster City, CA). Currents were sampled at 100 s and filtered at 5 kHz. The external bath consisted of Barth's solution. The electrode solution consisted of 3 M KCl and 10 mM HEPES, pH 7.4. Electrode resistances ranged between 0.1 and 0.7 M⍀. Currents were elicited by depolarizing the membrane for 60 or 200 ms in 10-mV increments to potentials ranging between -60 and ϩ100 mV from a holding potential of -80 mV. Current amplitudes were averaged during 20 ms at the end of the activating pulse. For analysis of conductance voltage-relationships, tail currents were recorded by clamping the membrane potential at Ϫ40 mV prior to return to the holding potential (Ϫ80 mV; e.g., Fig. 6 ). Leak and capacitative transient currents were subtracted using the P/4 protocol of the Clampex program modified with 11 subpulses.
Data analysis
Mean values Ϯ SE are presented. Differences between means for single comparisons were analyzed using the Student's t-test (2-tail). For multiple comparisons, ANOVA tests were applied. P values Յ0.05 indicated statistical significance.
R E S U L T S
Our standard RNA injection protocol allowed internal control and test (ϩKv2) neurons to develop together first in vivo and then acutely in culture ( Fig. 1) . We injected each cell of a two-cell-stage embryo with a lineage tracer, either rhodamineconjugated dextran or RNA coding for GFP ( Fig. 1A ). RNAs coding for Xenopus Kv2 subunits were coinjected with GFP RNA. Cells developed first in vivo for 20 -22 h and then in culture for either 3-7 (young neurons) or 18 -25 h (mature neurons; Fig. 1B ). The acute nonenzymatic dissociation of neurons and brief time in culture combined advantages of both in vivo (e.g., normal development) and in vitro (e.g., spatially compact, isolated cells) model systems. Internal control and test ϩKv2 neurons were identified on the basis of rhodamine and GFP fluorescence, respectively (Fig. 1C ). Excess Kv2.2 RNA was detected in the injected side of 1-and 2-day embryos (Fig. 1, D and E) , consistent with the 6-to 8-h half-lives described for exogenous RNA in the developing Xenopus embryo (Harland and Mischer 1988; Jones and Ribera 1994; Kintner 1988 ). Thus the injected RNAs persisted to the time of interest, at least in vivo in the embryo.
To determine whether protein translated from injected RNAs persisted to stages and in live neurons at the time of recording, we tagged the amino-termini of Xenopus Kv2.2 as well as Kv2.1 sequences with GFP and examined live mature neurons. We found that GFP signals were present in mature neurons cultured from either GFP-Kv2.1 (Fig. 2C ) or GFP-Kv2.2 (Fig.  2 , D and E) injected embryos. The localization of the GFP signal differed depending on the identity of the potassium channel subunit (Fig. 2 , C vs. D and E). GFP-Kv2.1 fluorescence was restricted to the cell body ( Fig. 2C ), whereas GFP-Kv2.2 fluorescence was found in processes as well as the cell body (Fig. 2, D and E) . This finding is reminiscent of the different subcellular localizations noted for Kv2.1 and Kv2.2 subunits in mammalian neurons (Hwang et al. 1993; Lim et al. 2000) .
Kv2.2 RNA is functionally overexpressed in young neurons
We recorded from control and ϩKv2.2 young neurons 3-7 h after plating. At this time, the amplitudes of potassium currents recorded from ϩKv2.2 neurons were twofold larger than those FIG. 1. Injected RNA and overexpressed Kv2.2 protein persisted to time of interest. A: in vivo overexpression protocol. Internal control and test neurons developed together first in vivo and then acutely in culture. Each blastomere of a 2-cell stage embryo was injected with either rhodamine-conjugated dextran (red, left) or RNAs coding for GFP (green, right) and Kv2 subunits. B: rhodamine and GFP fluorescence in a 1-day embryo traced the progeny of blastomeres injected at the 2-cell stage. Scale Bar: 150 m. C: neurons in culture were identified as either internal control (red arrow) or test (green arrow) on the basis of rhodamine or GFP fluorescence. Scale bar (in B); 50 m. D and E: in situ hyridization demonstrates that injected RNA was detected in the spinal cord of both 1-day (D) and 2-day (E) embryos. The blue-purple precipitate marked the presence of overexpressed RNA, which was restricted to one side of the 1-day embryo (see METHODS). The control-injected sides are designated by the label "CON." In the 2-day embryo (E), endogenous Kv2.2 mRNA was detected on the uninjected side of the embryo in its characteristic ventral position within the spinal cord (asterisk) (Burger and Ribera 1996) . of control neurons (Fig. 3A) . Cell size did not vary between control and ϩKv2.2 neurons, indicating that the larger current amplitudes reflected increases in current density rather than cell membrane expansion (Table 1 ; Fig. 3B ). Consistent with the increased potassium current amplitudes, maximum conductance density (G max ) was twofold larger for ϩKv2.2 (12 Ϯ 2 pS/m 2 , n ϭ 11) than for control neurons (6 Ϯ 1 pS/m 2 , n ϭ 10; P ϭ 0.008 vs. ϩKv2.2).
Several lines of evidence suggest that overexpressed channels in vivo are likely to be Kv2.2 homotetramers. First, immunocytochemical data indicate that native Kv2.1 and Kv2.2 subunits do not colocalize in mammalian neurons, as expected if heterotetramers formed (Hwang et al. 1993 ). Further, biochemical data demonstrate that Kv2.1 and Kv2.2 subunits do not coassemble in vivo in neurons even though they can when expressed heterologously in oocytes (Blaine and Ribera 1998; Malin and Nerbonne 2002) .
If Kv2.2 homotetramers were responsible for the increase in I Kv conductance in young neurons, the resultant current might display new properties reflecting behavior characteristic of the overexpressed channels (i.e., Kv2.2 homotetramers). We found that I Kv activated more slowly in ϩKv2.2 neurons than in controls, as revealed by the prolonged time-to-half-maximum activation (t 1/2 ; Fig. 3D ). This finding is consistent with the slow activation kinetics of heterologously expressed Kv2.2 channels (Blaine and Ribera 1998; Burger and Ribera 1996) .
Several measures indicated that nonspecific effects of RNA injection did not account for the effects on I Kv . For example, other membrane properties (input resistance, capacitance, and resting membrane potentials) were unaffected (Table 1) . Further, another voltage-gated current, calcium current (I Ca ), did not differ between control and ϩKv2.2 young neurons (Fig. 3 , E and F). Moreover, using a computer based model (Lockery and Spitzer 1992) , we found that the duration of the action potential recorded from ϩKv2.2 neurons agreed with that predicted by a twofold increase in Kv conductance ( Fig. 4 ). Because action potential generation requires the activity of a diverse set of channels, the computer simulations support the conclusion that only effects on the targeted current, I Kv , occurred on overexpression of Kv2.2 channels.
Overexpression of Kv2.2 RNA does not alter I Kv density of mature neurons
To determine the consequences of Kv2.2 overexpression on I Kv of mature neurons, we recorded from neurons 11-22 h later than when recordings from young neurons were obtained. Even though Kv2.2 overexpression increased I Kv density in young neurons, we found the Kv2.2 RNA injection had no effect on the density of I Kv in mature neurons (Fig. 5, A and B) . This result contrasted with effects obtained previously on overexpression of Kv1.1 that led to increases in I Kv density in both young and mature neurons (Jones and Ribera 1994) .
The inability of Kv2.2 overexpression to increase I Kv density in mature neurons could reflect either a Kv2 subfamily (i.e., Kv1 vs. Kv2) or a Kv2.2 subunit (i.e., Kv2.2 vs. Kv2.1 subunits) specific effect. To distinguish between these two possibilities, we overexpressed Kv2.1 RNA in the developing embryo. In young neurons, overexpression of Kv2.1 subunits increased I Kv density twofold as did overexpression of Kv2.2 (Fig. 5C ). However, in contrast to ϩKv2.2 mature neurons, recorded from a ϩKv2.2 (right) neuron was greater than that recorded from a control cell (left). The neuronal membrane was held at -80 mV and stepped for 60 ms to potentials ranging between -60 and ϩ90 mV; the currents elicited by steps to Ϫ20, 0, 20, and 40 mV are shown. B: the mean I Kv density of ϩKv2.2 (n ϭ 11; F) neurons was twofold larger than that of control neurons (n ϭ 10; E). At membrane potentials between 10 and 60 mV, I Kv density values of control and ϩKv2.2 neurons were significantly different (P ϭ 0.003-0.03). C: normalized conductance-voltage curves indicated that the V 1/2 for steady-state activation shifted to more positive values in ϩKv2.2 (26 Ϯ 2 mV; n ϭ 7) than in control neurons (19 Ϯ 7 mV; n ϭ 7). Steady-state activation properties were analyzed for those neurons in which Kv conductance achieved a plateau. D: t 1/2 values were greater for I Kv recorded from ϩKv2.2 versus that of control neurons. The larger t 1/2 values indicated that I Kv activated more slowly in ϩKv2.2 neurons. At membrane potentials between 30 and 60 mV, t 1/2 values of the I Kv of control and ϩKv2.2 neurons were significantly different (P ϭ 0.02-0.003). E: another voltage-dependent current (I Ca ) was unaffected by overexpression of Kv2.2. Calcium currents from representative control (left) and ϩKv2.2 neurons (right) were similar. F: I Ca density vs. voltage relationships were similar for control (n ϭ 7; F) and ϩKv2.2 (n ϭ 10; E) neurons. potassium currents had larger densities in ϩKv2.1 mature neurons (Fig. 5, A and B) .
Overexpression of Kv2.1 channels affected both the density as well as the activation of I Kv . The t 1/2 of I Kv in mature ϩKv2.1 neurons was significantly greater than in control or ϩKv2.2 neurons (Fig. 5A) . The slower activation of I Kv on overexpression of Kv2.1 RNA is consistent with the possibility that slowly activating Kv2.1 homotetramers contribute to the whole cell I Kv . The results indicate that the inability of Kv2.2 overexpression to increase I Kv density in mature neurons is not a general property of Kv2 subfamily members but rather a specific property of the Kv2.2 subunit.
Kv2.1/2.2 chimerae form functional channels when expressed heterologously
Because injected Kv2.2 RNA and translated protein persisted to stages of interest ( Figs. 1 and 2) , the underlying mechanisms did not involve an unusually rapid Kv2.2-specific turnover. Further, overexpression of a dominant-negative Kv2.2 subunit was found previously to reduce I Kv density in both young and mature neurons (Blaine and Ribera 2001) ; the wild-type and dominant-negative Kv2.2 subunits differ by only two residues in the pore region. The latter result suggests that protein also Kv2.2 also persisted to stages of interest. These considerations pointed to a posttranslational mechanism as the basis for the different regulation of Kv2.1 versus Kv2.2 in mature neurons.
FIG. 5. I Kv of mature spinal neurons was increased by Kv2.1, but not Kv2.2, overexpression. A: I Kv amplitudes were larger in ϩKv2.1 (right) than in control (left) mature neurons. In contrast, ϩKv2.2 neurons (middle) displayed I Kv of amplitudes similar to those of controls. B: the mean I Kv densities of ϩKv2.1, but not ϩKv2.2, RNA neurons were significantly larger than those of control mature neurons. At membrane potentials between 0 and ϩ60 mV, I Kv density values of control and ϩKv2.1 neurons were significantly different (P ϭ 0.03-0.002). Similarly, G max values were larger for the I Kv of ϩKv2.1 (23.1 Ϯ 1.3 pS/m 2 ) than for control neurons (19.7 Ϯ 1.0 pS/m 2 ; P ϭ 0.03). C: overexpression of Kv2.2 RNA increased current density in young but not mature neurons. In contrast, overexpression of Kv2.1 RNA increased current density in both young and mature neurons. Moreover, the extents to which current density was increased in young neurons by Kv2.1 and Kv2.2 overexpression were similar. Current densities were normalized to that obtained from mature control neurons (ϩ50 mV). After each recording session, the average current density for control neurons (ϩ50 mV) was determined and all values (control and test) were divided by that value. *, P Ͻ 0.02 vs. mature control neurons; ϩ, P Ͻ 0.01 for young control vs. young ϩKv2.2 or ϩKv2.1 neurons; n ranged between 10 and 53. D: steady-state activation properties of I Kv did not differ between ϩKv2.2, ϩKv2.1 and control mature neurons. E: larger t 1/2 values indicated that I Kv activated more slowly in ϩKv2.2 and ϩKv2.1 vs. control neurons. At membrane potentials between 0 and 60 mV, t 1/2 values of control and ϩKv2.2 neurons were significantly different (P ϭ 0.02; error bars were smaller than symbols). Similarly, between Ϫ10 and 60 mV, t 1/2 values of control and ϩKv2.1 neurons were significantly different (P ϭ 0.02-0.0001).
FIG. 4. Overexpressed Kv2.2 channels lead to premature shortening of the action potential duration in young neurons. A: action potentials were recorded from young ϩKv2.2 (right) and control neurons. Overexpression of Kv2.2 RNA led to a dramatic reduction in the duration of the impulse. The neuronal membrane potential was set at Ϫ80 mV by steady-state current injection and 2.5-ms depolarizing current injections were given to elicit an impulse. The bath solution contained (in mM) 125 NaCl, 3 KCl, 10 CaCl 2 , and 5 HEPES, pH 7.4. Analysis of action potentials entailed measurement of the following parameters: overshoot, amplitude, maximum rate of rise, maximum rate of decay, time to peak, and time to half-decay from the peak. We measured the duration of the action potential as the time to half-decay. B: young control neurons fired action potentials that had durations as great as 800 ms. In contrast, the durations of impulses recorded from young ϩKv2.2 neurons (solid bars) were all Ͻ70 ms. On average, the duration of the impulse in control neurons was 198 Ϯ 43 (n ϭ 22; open arrow). In contrast, the duration of the impulse in ϩKv2.2 neurons was reduced by a factor of approximately 0.1 to 14 Ϯ 4 ms (n ϭ 15; solid arrow; P ϭ 0.002). Inset: expanded view of durations Ͻ70 ms. C: action potentials were simulated using the computer model developed by Lockery and Spitzer (1992) . The program for young neurons was run under control (dashed line) and a test condition in which G Kv was increased by a factor of 2 (solid line; ϩ2 ϫ G Kv ). The duration of the action potential simulated for a control young neuron was 109 ms (dashed line). Incorporating a twofold increase in G Kv into the program to model a ϩKv2.2 neuron (solid line) shortened the duration of the simulated action potential to 11 ms (i.e., ϳ10% that of control).
The primary amino acid sequences of Kv2.1 and Kv2.2 predict proteins that are similar in the amino-terminal and membrane spanning domains but differ substantially across the large cytoplasmic carboxyl-tail region. Kv2 truncation mutants that lack substantial amounts of the carboxyl-tail maintain the ability to form functional Kv channels in heterologous systems (Pak et al. 1991) . These data indicate that functional channel formation can occur in the absence of carboxyl-tail regions. However, given the high divergence of this region between Kv2.1 and Kv2.2, carboxyl-tail domains may determine subunit-specific channel properties, such as the novel regulation that we observe for Kv2.2 channels in mature neurons.
To test whether the Kv2.2 carboxyl-tail region mediated channel regulation in mature neurons, we exchanged regions of the Kv2.1 and Kv2.2 carboxyl-tail sequences and constructed five chimeric Kv2 subunits (Fig. 6) . We divided the large cytoplasmic carboxyl-tail region into proximal (proxC) and distal halves. One truncation Kv2.2 mutant (Kv2.2t) was also created that retained proxC but not the distal half of the carboxyl-tail. (Portions of coding region as well as the small amounts of endogenous 3Ј untranslated sequence contained within the Kv2 constructs were exchanged; see Fig. 6A ).
Consistent with previous work showing that Kv2 truncation mutants form functional channels (Pak et al. 1991) , the Kv2 chimerae and truncation mutant induced potassium current when expressed heterologously in oocytes (Fig. 6B) . These data also suggest that construction of Kv2 chimerae did not introduce major changes in subunit structure.
In heterologous systems, the biophysical properties of wildtype Kv2.1 and Kv2.2 heteromers differ slightly with respect to steady-state activation properties and kinetics of activation (Blaine and Ribera 1998) . When expressed heterologously in oocytes, the chimeric channels displayed biophysical properties that reflected those of the Kv2 subunit that donated the transmembrane region of the subunit (Fig. 6) . For example, Kv2.2 channels had voltage-dependent properties that were shifted to positive voltages versus those of Kv2.1 channels (Fig. 6C ). Kv2G chimeric channels activated similarly to Kv2.1, the donor of Kv2G's transmembrane region. Further, Kv2H channels activated similarly to Kv2.2, the donor of Kv2H's transmembrane region. Moreover, the kinetics of activation of chimeric channels were predicted by the identity of donor of the transmembrane region (Fig. 6D) . Chimeric channels with the transmembrane domain of Kv2.1 (KvF, Kv2G) activated more rapidly than did channels with Kv2.2's transmembrane domain (Kv2E, Kv2H, Kv2I, Kv2t; Fig. 6D ).
On the basis of steady-state properties and activation properties of heterologously expressed channels, carboxyl-tail regions of Kv2 channels were not the primary determinants of biophysical properties of Kv2 channel function. These findings indicated that the functional role of these domains was not FIG. 6. Chimeric Kv2 channels displayed functional properties that reflected the identity of the Kv2 transmembrane donor. A: chimeric Kv2 subunits were formed by exchanging portions of Kv2.1 and Kv2.2 carboxyl-termini. In addition to coding regions, small amounts of endogenous 3Ј-untranslated sequences were also switched. The Kv2.2t mRNA contained the 3Ј-untranslated region of Kv2.1 but coded for a truncated Kv2.2 subunit. B: in the Xenopus oocyte, chimeric Kv2 subunits formed functional channels. Currents elicited by heterolgous expression of the two wild-type channels, Kv2.1 and Kv2.2, and the two reciprocal chimerae, Kv2G and Kv2H, are shown. Tail currents elicited at -40 mV follow the currents elicited at -20, 0, 20, 40, 60, and 80 mV. C: steady-state properties of chimeric channels depended on the identity of the Kv2 donor of the transmembrane but not the cytoplasmic carboxyl-tail region of the subunit. Chimeric channel Kv2H had its transmembrane domain donated by Kv2.2, whereas Kv2.1 was the donor of the transmembrane domain of channel Kv2G. The G-V curve of Kv2H (n ϭ 8; 1) resembles that of Kv2.2 (n ϭ 14; ■). In contrast, the G-V curve of Kv2G (n ϭ 8; U) resembles that of Kv2.1 (n ϭ 9; E). For the 4 curves, error bars were smaller than the symbols. D: activation kinetics of chimeric channels depended on the identity of the Kv2 donor of the transmembrane but not the cytoplasmic carboxyl-tail region of the subunit. Kv2.1, Kv2F, and Kv2G channels (1) activated more rapidly than did Kv2.2, Kv2t, Kv2E, Kv2H, and Kv2I channels (■). The former (Kv2.1, Kv2F, and Kv2G) have the transmembrane domain of Kv2.1 but cytoplasmic carboxyl-tail regions of different origens. The latter (Kv2.1, Kv2F and (Kv2.2, Kv2t, Kv2E, Kv2H, and Kv2I) have the transmembrane domain of Kv2.2 but cytoplasmic carboxyl-tail regions of different origins. evident in heterologous systems and require analysis in a neuronal context.
In vivo overexpression reveals a subunit specific role for proxC
The one truncation and six chimeric Kv2 subunits were overexpressed in the developing embryo and I Kv was recorded from young and mature neurons. As for overexpression of wild-type subunits (Fig. 5) , we present data from test neurons as a proportion of that obtained from internal control neurons, which were set to a value of 1. Thus values Ͼ1 indicate that Kv2 overexpression increased I Kv density in test neurons.
We generated Kv2 chimerae by exchanging coding as well as noncoding 3ЈUTR regions of Kv2.1 and Kv2.2 (Fig. 6A) . The in vivo overexpression results indicated that 3ЈUTR sequences did not influence functional overexpression of channel subunits (Fig. 7A) . For example, overexpression of either Kv2H or Kv2I resulted in an increase in I Kv density as did overexpression of Kv2.1. However, the RNAs coding for Kv2H and Kv2I contained the 3ЈUTR sequence of Kv2.2, whereas the RNA coding for Kv2.1 contained the 3ЈUTR of Kv2.1. Conversely, overexpression of Kv2G did not produce an increase in I Kv density even though the RNA contained the 3ЈUTR of Kv2.1.
With respect to coding regions, the presence or absence of proxC determined whether or not subunit overexpression would increase I Kv (Fig. 7A ). Overexpression of chimeric Kv2 constructs lacking proxC led to an increase in I Kv density (i.e., Kv2.1, Kv2H, Kv2I) . Conversely, Kv2 constructs containing proxC (i.e., Kv2.2, Kv2.2t, Kv2E, Kv2F, Kv2G) did not produce an increased in I Kv density when overexpressed. Kv2G and Kv2H, for which domain exchange was limited to proxC and the analogous region of the Kv2.1 subunit were especially informative.
Despite their chimeric nature, Kv2G and Kv2H were overexpressed in young neurons (Fig. 7B) . Further, they resulted in similar increases in current density. Moreover, the extent of current density increase produced by overexpression of the chimeric subunits was similar to that found for wild-type Kv2.1 and Kv2.2 subunits in young neurons (Figs. 3 and 5 ).
D I S C U S S I O N
Previous work has led to the view that transcriptional mechanisms regulate I Kv density in both young and mature Xenopus spinal neurons (Gurantz et al. 1996; Jones and Ribera 1994; Ribera and Spitzer 1989; Vincent et al. 2000) . For example, blockade of transcription during a critical period prevented the developmental upregulation of I Kv in spinal neurons (Ribera and Spitzer 1989) . Further, elevations of Kv1.1 channel RNA led to increased I Kv density in both young and mature neurons (Jones and Ribera 1994) . Conversely, antisense suppression of Kv3.1 channels decreased I Kv density in mature neurons. In contrast, here, we provide evidence that nontranscriptional mechanisms may regulate I Kv density, at least in mature neurons. The mechanism under study targeted one potassium channel subunit specifically, Kv2.2.
Unlike for Kv1.1 and Kv2.1, injection of excess Kv2.2 RNA into the developing embryo did not increase I Kv density in mature neurons. The simple possibility that Kv2.2 RNA or protein turns over rapidly is not supported by our data (Figs. 1  and 2 ). Further, we found no evidence to support the possibility that increases in expression of Kv2.2 channel expression in mature neurons were accompanied by decreases in another population that contributes to I Kv . Instead, our data indicate that a cytoplasmic domain in the proximal carboxyl-terminus of the Kv2.2 subunit, proxC, determines whether or not I Kv density will increase on overexpression of Kv2 subunits in mature neurons. The proxC domain is found in other vertebrate Kv2.2 subunits but not any other protein. Thus identification of the proxC domain has revealed a novel motif involved in developmental regulation of ion channel function.
Why would Kv2.2 channels be targeted for this novel regulation? It is likely that regulation is tailored to the specific role a channel plays in neuronal function. Even though Kv2.2 and Kv2.1 channels share many properties, they clearly play different roles in neurons. Kv2.1 channels localize to somatic and dendritic regions of principal and inhibitory neurons and play critical roles in regulating excitability, especially during high-frequency stimulation (Du et al. 2000; Lim et al. 2000) . In mammalian superior cervical ganglion neurons, both Kv2.1 and Kv2.2 contribute to action potential repolarization (Malin and Nerbonne 2002) . However, Kv2.2 channel function also influences the resting membrane potential and the threshold for action potential generation. Consequently, Kv2.2 channels FIG. 7 . ProxC mediated regulation of functional expression of Kv2 channels in mature but not young neurons. A: the presence of the proxC sequence in chimeric Kv2 subunits prevented increases in I Kv of mature neurons. In contrast, overexpression of chimeric Kv2 subunits that contained the analogous region of Kv2.1 led to increases in I Kv density. Current densities were normalized to mature control values as for Fig. 5C . B: Kv2.2 and Kv2G channels were functionally overexpressed in young neurons even though they were not overexpressed in mature neurons (A). In contrast, Kv2.1 and Kv2H channels were overexpressed in both young and mature neurons. *, P, 0.001 vs. control. Current density values were normalized to that of young control neurons; n ranged between 13 and 38. have a greater impact on excitability in this neuronal population. Similarly, our previous work indicated that Kv2.2 was a major channel type required for action potential repolarization in embryonic Xenopus spinal neurons (Blaine and Ribera 2001) . Thus in several systems, Kv2.2 channel function plays a major role in determining a neuron's excitability level. This level, or set point, might require minute-to-minute regulation in mature neurons, a goal that could more easily be achieved by posttranslational versus transcriptional mechanisms.
Mechanisms that maintain neuronal activity set points have been characterized as either activity dependent (Desai et al.1999; Golowasch et al. 1999; LeMasson et al. 1993; Turrigiano et al. 1994 Turrigiano et al. , 1995 or activity independent (MacLean et al. 2003 ). In the former, an abnormal change in a neuron's activity leads to compensatory mechanisms that alter channel function so that a neuron's firing is returned to the appropriate range (for review, Davis and Bezprozvanny 2001; Turrigiano and Nelson 2004) . In the latter, a neuron's firing properties remain stable because expression of one channel is coupled to expression of one of opposing function (I A and I H ) (MacLean et al. 2003) . Despite the differences in these two models, they share in common that the regulated variable is the neuron's activity level. The mechanism we describe for regulation of I Kv differs fundamentally because the regulated variable appears to be the number of channels of a particular class, in this case Kv2.2.
If the mechanisms that determine the I Kv set point of mature neurons were activity dependent, one might expect that manipulations that perturbed activity in similar ways would also have the same effects on I Kv density of mature neurons. For example, overexpression of either Kv1.1 or Kv2.2 subunits increases I Kv density of young neurons and leads to premature shortening of the duration of the action potential (Jones and Ribera 1994 ; this study). However, overexpression of Kv1.1 increases I Kv density of mature neurons, whereas overexpression of Kv2.2 subunits has no effect. Moreover, Xenopus spinal neurons can be grown in culture under conditions that would perturb activity, such as the presence of tetrodotoxin or the absence of extracellular calcium has no effect on I Kv density of mature neurons (Bixby and Spitzer 1984; Desarmenien and Spitzer 1991) . However, growth in such activity suppressing conditions has no effect on I Kv density of mature neurons.
The kinetics of I Kv is also developmentally regulated (O'Dowd et al. 1988) , and perturbations that could have altered neuronal activity do alter kinetic properties of I Kv (e.g., absence of extracellular calcium; Desarmenien and Spitzer 1991) . In addition, our previous work has shown that activity of embryonic Xenopus spinal myocytes regulates the voltage sensitivity (V 1/2 ) of presynaptic I Kv via an NT-3-dependent mechanism (Nick and Ribera 2000) . Thus existing data support a role for activity in regulating kinetics and voltage-dependent properties but not density of I Kv .
A correlate of our model is that I Kv density will not correspond directly to levels of Kv2.2 RNA or total protein. With respect to RNA levels, a lack of correspondence between Kv2 mRNA and I Kv density has been observed for neurons of the ascidian (Ono et al. 1999) . With respect to protein, Hwang et al. (1993) used Kv2.2-specific antibodies to examine protein expression and localization in rat brain. Interestingly, Kv2.2 immunoreactivity is present diffusely in neuronal cell bodies, consistent with an abundant intracellular location that would not contribute to Kv whole cell current.
We found that injection of Kv2.2 RNA could increase I Kv density in young but not mature neurons. ProxC might allow only a certain number of functional Kv2.2 subunits in a neuron, regardless of developmental stage. Because the number of endogenous functional Kv2.2 subunits is small in young neurons, it is possible to increase their number at this stage but not later when the number of endogenous channels has reached the limit. Alternatively, the temporal restriction on proxC function could be achieved by developmentally regulated posttranslational modifications, such as phosphorylation, that restrict proxC function to mature stages. Interestingly, the primary sequence of proxC does predict consensus sites for protein kinase C, casein kinase 2 and tyrosine phosphorylation. Another possibility is that proxC interacts with a protein partner that is developmentally regulated. In heterologous systems, Kv2.2 has been shown to interact with two accessory proteins [potassium channel accessory protein, KChAP (Wible et al. 1998 ); mKv␤3.2, originally designated as mKv␤4] (Fink et al. 1996) and thereby increase channel surface expression. Genes homologous to either KChAP or mKv␤3.2 have not yet been identified in Xenopus. In addition, members of the Kv6 -Kv9 subfamilies have been shown to coassemble with Kv2 subunits (Hugnot et al. 1996; Kramer et al. 1998; Ottschytsch et al. 2002; Post et al. 1996; Richardson and Kaczmarek 2000; Salinas et al. 1997a,b; Sano et al. 2002; Zhu et al. 1999 ). Kv6 -Kv9 subunits reduce current density when coexpressed with Kv2 subunits and thereby act as inhibitory subunits of Kv2 channels. However, the reductions in current density produced by coassembly of Kv6 -Kv9 with Kv2 subunits are voltage dependent. We did not observe this type of voltage dependency for I Kv of either control or test Xenopus spinal neurons. Moreover, Kv6 -Kv9 as well as KChAP subunits do not show a specific interaction with Kv2.2 and also multimerize with Kv2.1 subunits. Thus known modes of regulation of Kv2 channel function do not account for the developmentaland subunit-specific control of I Kv density that we report for embryonic spinal neurons.
In sum, subunit-specific mechanisms regulate I Kv density in mature but not young neurons. The underlying mechanism requires the proxC cytoplasmic domain. Kv2.2 channels play the dominant role in action potential repolarization of spinal neurons (Blaine and Ribera 2001) . Thus it might be critical and strategic that their function be regulated by a posttranslational mechanism that can more rapidly modulate channel function than might other levels of regulation.
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